et al. [10] persisted that azoxystrobin had no significant effect on the whole soil fungi community, although it slightly decreased dehydrogenase activity. Azoxystrobin also induced soil urease, dehydrogenases, acid and alkaline phosphatase, and catalase activities [6] . Soil respiration increased with increasing azoxystrobin doses and decreased with increasing incubation time [7] . It obviously decreased the cultivable bacterial, fungal, and actinomycetic populations, soil respiration intensity, protease, and dehydrogenase activities after 7 days of treatment, and inhibited urease activity with 10 mg·kg -1 and stimulated catalase activity with 1.0 and 10 mg·kg -1 of azoxystrobin in black soil [11] . Slightly different from the above results, it decreased soil cultivable microbial numbers, soil respiration, dehydrogenase and protease activities at the beginning of the experiment, and no obvious effects on urease activity and decreased catalase activity were observed in brown soil with azoxystrobin [12] . The differences among the studies were possibly attributed to the differences among soil properties.
Cambisol is widely distributed in hilly areas south of the Yangtze River in China (about 21% of land area), and azoxystrobin is playing an increasingly important role in controlling diseases of fruits, vegetables, and other crops grown in Cambisol.
Consequently, the aim of the study was to assess the effects of azoxystrobin on microbial population, soil respiration, and enzymatic activities (dehydrogenase, urease, catalase, and protease) in Cambisol with low organic matter and pH.
Materials and Methods

Chemicals and Reagents
Azoxystrobin (99% purity) was purchased from Dr. Ehrenstorfer (Augsburg, Germany). All other chemicals and solvents were AR grade from Sigma Chemical Co., USA, and Shanghai Sangon Biological Engineering Technology and Service Co., Ltd., China.
Soil
Soil sampling sites were located in Wuyishan city, Fujian Province, China (27.55°N, 118.05°E). Soil samples were collected in March 2012 from the surface layer (0-20 cm) of farms, and no pesticides had been applied in the area. Using a 5-point sampling method, the soil samples were taken with a soil sampler, and 5 soil cores (8 cm diameter) were mixed and homogenized to form a composite soil sample (at least 2 kg). Soil was classified as Cambisol according to the World Reference Base of Soil Resources. The soil samples were air-dried, ground to pass a 2 mm-mesh screen, and stored at 4ºC before use. Physicochemical properties of the soil are shown in Table 1 .
Experimental Design
The recommended field dose of azoxystrobin was 5.0 mg kg -1 . So, soil samples were treated with azoxystrobin solution (in acetone) to give a final concentration of 0.1, 1.0, and 10.0 mg kg -1 dry soil, representing 1/50, 1/5, and double the recommended field dose of azoxystrobin, respectively. Non-azoxystrobin soils with an equal volume of pure acetone were used as controls (CK). Soil samples were then put in a fume hood to allow the organic solvent to evaporate. Soil moisture content was kept at 60% of water-holding capacity (WHC). Soil samples were incubated at 25±2ºC in the dark for up to 28 days. Three replicates were tested for all samples. During the experiment, soil moisture was kept unchanged by adding sterile distilled water every 1-2 days. From each mesocosm, 10.00 g of soil subsample was taken after 7, 14, 21, and 28 days of incubation for determining soil microbial numbers, enzymatic activities, and soil respiration.
Determining Soil Microbial Population
The plate counting method [13] was applied to measure soil microbial numbers on selective media. Luria-Bertani (LB) medium was used to culture bacterial colonies. Potato dextrose agar (PDA, Difco) supplemented with streptomycin sulphate and sodium penicillin was made for fungi. For actinomycetes, the modified Gao1st medium was applied. 10 -4 of soil suspension was used for bacteria, 10 -2 for fungi, and 10 -4 for actinomycete. Soil suspension of 0.10 mL was spread on the agar plates and inoculated at 30ºC for 36 hrs for bacteria, 48 hrs for fungi, and 5 days for actinomycetes. The mean of three replicates was used for statistical analysis.
Soil Respiration Measurements
Substrate-induced respiration (SIR) was measured with CO 2 production. Produced CO 2 was treated by NaOH, and the excessive NaOH reacted with HCl (0.2 M) [14, 15] 
Statistical Analysis
All the data were expressed in terms of the mean ± the standard deviation (SD). The statistical analyses were conducted using SPSS software (Version 19.0, SPSS Inc.). One-way analysis of variance (ANOVA) was performed to assess statistically significant differences between the mean values with the least significant difference (LSD) test. At the same time, bi-factorial analysis of variance (ANOVA) was performed to assess the significance of differences according to the application dosage, incubation time, and their interaction with a post-hoc test and the least significant difference (LSD) test. Correlation analysis among soil cultivable microbial numbers, soil respiration, and soil enzymatic activities were done using SPSS statistical software. A value of p<0.05 was considered as significant.
Results and Discussion
Effects of Azoxystrobin on Soil Cultivable
Microbial Numbers
The plate-count data indicated that azoxystrobin affected the numbers of culturable bacteria and actinomycetes to a small extent, but not those of fungi ( Fig. 1) . Soil bacteria and actinomycete population in azoxystrobin-treated soils were not significantly different (p>0.05) from the controls on days 7 and 14, with the exception of 10 mg·kg -1 of azoxystrobin on day 14. Bacterial and actinomycetes populations significantly decreased with increasing concentrations of azoxystrobin on days 21 and 28, as indicated by negative correlation coefficients (-0.92 and -0.86 for bacteria on days 21 and 28, -0.83 and -0.90 for actinomycetes on days 21 and 28, respectively), with the exception of 1.0 mg·kg -1 for the azoxystrobin group. However, no significant differences (p>0.05) could be found in respect to fungi populations among different concentrations of treatments. The decreasing trend of cultivable microbial numbers indicated that azoxystrobin have toxic effects on soil bacteria and actinomycetes.
Soil cultivable microbial population is directly related to soil organic matter decomposition and transformation of mineral elements. So, it is critical to investigate the impacts of azoxystrobin on soil cultivable microorganisms to better understand the effects of azoxystrobin on soil quality and fertility. Studies have shown that effects of fungicides on the soil microbial population depend on the structures of fungicides, i.e., different mechanisms against pathogens [18] , applied doses [19] [20] , and types of soils [10] , etc. So impacts of fungicides with different structures on soil microbial populations are not easily predicted [18] . Although our results were in accord with those of butachlor [21] and Funaben T [22] , high concentrations of mefenoxam significantly increased bacteria populations [23] . Soil bacteria, fungi, and actinomycete were all inhibited by Azoxystrobin [11] [12] . In this study, although soil bacterial and actinomycete numbers were drastically depressed, no significant effects on fungal population were also observed. This may be due to the lower pH value of the soil (pH = 5.22), which promotes fungal growth [24] . So, the responses of soil microbial communities to fungicides were dependent on soil characteristics.
Effect of Azoxystrobin on Soil Respiration
In the first 14 days of incubation, there were no dramatic differences among treated and untreated samples, but soil respiration reduced in 1.0 mg·kg -1 and 10.0 mg·kg -1 of azoxystrobin-treated soils compared with the controls on days 21 and day 28, and significantly negatively correlated with the dose of azoxystrobin (p<0.01), with the coefficient of correlation -0.75 and -0.87 ( Fig. 2) . At the end of the experiment, soil respiration decreased by 16.6% and 29.4% for 1.0 mg·kg -1 and 10.0 mg·kg -1 of azoxystrobin, respectively. In general, the fungicide azoxystrobin inhibited soil respiration.
Soil respiration is often used to indicate metabolic activity of soil microbes [25] . In addition, it represents one of the largest sources of CO 2 returning from soil to the atmosphere. Therefore, to better understand the carbon (C) cycle of terrestrial ecosystems, it is of very important significance to study responses of soil respiration to the application of fungicides [26] . Similarly, there has been much research of inhibitory effects on soil respiration [27] [28] [29] [30] . On the contrary, soil respiration was stimulated by pyrimorph application [31] , and low concentrations of mancozeb and dinocap [32] . Above all, different fungicides have various effects on soil respiration. Even in different types of soils the inhibition of soil respiration were also observed in treatments with azoxystrobin [11] [12] , which indicated that soil types did not influence the responses of soil respiration to azoxystrobin.
Effects of Azoxystrobin on Dehydrogenase Activity
Dehydrogenase showed a significant decrease (p<0.05) with the addition of azoxystrobin to soils with the exception of day 7 (Fig. 3a) . Also, the dehydrogenase activity was significantly negatively correlated with concentrations of azoxystrobin, as indicated by values of correlation coefficients (-0.87, -0.77, and -0.80 on days 14, 21, and 28, respectively). At the end of incubation, dehydrogenase activity declined by 19.1%, 49.8%, and 69.4% for 0.1, 1.0, and 10.0 mg·kg -1 of azoxystrobin compared with the controls. In conclusion, azoxystrobin had an obviously adverse impact on soil dehydrogenase activity.
Dehydrogenase activity has been considered an important indicator of the whole soil microbial activity, so it has been commonly used to assess the side effects of agricultural chemicals [33] [34] . Similarly, the application of mefenoxam and metalaxyl [23] , benomyl, captan [27] , carbendazim [35] , mancozeb, and dimethomorph [19] also posed a threat to soil dehydrogenase activity to different degrees. However, Sukul [36] and Tejada et al. [37] observed initially increased and then decreased dehydrogenase activity treated with fungicide. In contrast to the above, no significantly stimulated or inhibited effects were observed in dehydrogenase activity polluted by tebuconazole [29] . Although dehydrogenase activities were all reduced, incubation time point causing decrease and inhibitory degree were different from this [11] [12] . Similarly, Bending et al. [10] discovered that all fungicides (chlorothalonil, azoxystrobin, and tebuconazole) obviously decreased dehydrogenase activity to different degrees in the low OM/biomass soil, but not in the high OM/biomass soil. The above results indicated that the extent of influence on dehydrogenase activity of fungicides was correlated with the soil types. In addition, dehydrogenases catalyze the oxido-reductive processes by removing two hydrogen atoms from the substrates, which is closely related to populations of the active microorganisms [38] , as indicated by the significant positive correlation with populations of bacteria and actinomycetes (Table 4 ). In our study, bacteria and actinomycetes were inhibited, and consequently dehydrogenases are also reduced.
Effects of Azoxystrobin on Urease Activity
The results of urease activities (Fig. 3b) were not in agreement with those of dehydrogenase activities. The addition of azoxystrobin immediately had a distinct inhibition effect on urease activity, and urease activity significantly correlated negatively with the concentrations of azoxystrobin, with the coefficient of correlation of -0.54 on day 7 and -0.80 on day 14. After 14 days, urease activity gradually increased and that in the 0.1 mg·kg -1 group recovered to the control level on day 21. At the end of the incubation period, urease activities in treated samples all recovered to the control level. That is, significant differences did not exist between treatments and controls (p>0.05). In conclusion, azoxystrobin had a transient inhibitory effect on soil urease activity.
Different from our result, pyrimorph at the lowest dose (0.5 mg·kg -1 ) had no apparent impact on urease activity. However, in doses from 5.0 to 150.0 mg·kg -1 , pyrimorph posed a stimulation effect on urease activities in the first 60 days, followed by an inhibition effect at the end of the experiment [31] . Prochloraz [37] , carbendazim [39] , and benomyl and captan [27] had a stimulating effect on soil urease activity. On the contrary, Cycoń et al. [19] and Muňoz-Leoz et al. [29] reported declines in urease activity in soils treated with mancozeb, dimethomorph, and tebuconazole compared with the controls. A sharp decrease in urease shortly after the azoxystrobin addition resulted from the toxicity of azoxystrobin. It was interesting that there were significant different responses of urease activity in azoxystrobintreated soils with different properties. Azoxystrobin had no effect on urease activity in loam soil [12] , but the fungicide in black soil inhibited urease activity only in the 10.0 mg·kg -1 concentration group on days 14, 21, and 28 [11] , and in sandy loam with a pH 7.0 from 0.075 to 22.50 mg kg -1 [6] . This revealed that the responses of urease activity to fungicide depend on soil types. High urease activities are related to high organic matter content [40] , and 80% of soil urease activity was extracellular and complexed by soil colloids [41] . The contents of soil colloids were different in the three soils, which resulted in urease being exposed to azoxystrobin to different degrees, that is, the different toxic effects.
Effects of Azoxystrobin on Catalase Activity
As shown in Fig. 3c) , the values obtained in soil catalase activity indicated variable behavior during the experimental period. Unlike dehydrogenase activity, although there were no changes in catalase activity among treated and untreated soils over 7 days of incubation, catalase activity increased significantly on days 14, 21, and 28, and no significant differences (p>0.05) were observed among treatments at the same time. The results suggested that azoxystrobin stimulated catalase activity in soils.
Similar to results in this research, an apparent increase in catalase activity and then a recovery in azoxystrobin-treated loam soil, and no clear effect within 21 days and then an apparent increase at the end of the incubation in black soil with the fungicide were reported [11] [12] . Catalase activity fluctuated sharply during the incubation period in pyrimorph-treated soils, but increased catalase activity at the end of the incubation was observed [31] . Different from our study, Baćmaga et al. [6] reported the inhibited catalase activities. No changes in catalase activity on day 7 revealed that catalase activity was not sensitive to azoxystrobin. The stimulated effect was decreased upon further incubation due to the degradation of azoxystrobin and decline of concentration. The results of increased catalase activity at the end of the incubation period compared to the controls were due to the stress on microorganisms [39] . Catalase, as an oxidoreductase, is a kind of intracellular enzyme [42] . The stimulated catalase activity reflected cellular damage and stimulation of the antioxidant mechanism for protecting the treated cells. The addition of azoxystrobin changed the soil ecosystem with increasing concentrations in soil. In response to the changed soil environment, microorganisms increased their metabolic activity [43] .
Effects of Azoxystrobin on Protease Activity
The values obtained from protease activity (Fig. 3d ) treated with azoxystrobin were contrary to the catalase activity. After the application of azoxystrobin to the soil, protease activity had no significant (p>0.05) decrease or increase tendency compared with the control. That is, neither the concentration nor the incubation time influenced the changes of soil protease activity. It is apparent that azoxystrobin had no impact on soil protease activity.
Protease belongs to an important class of hydrolytic enzymes used for proteins hydrolysis and production of amino acid [44] . There are few studies on the impact of fungicide on soil protease activity. Different from our results, pentachlorophenol had dramatically reduced protease in soils [45] . Two organophosphorus insecticides and 2 synthetic pyrethroids raised protease activity in the field [46] . In our experiments, protease activities of the treatments were always close to the control during the incubation, which indicated that protease was insensitive to azoxystrobin. It is noted that the persistent inhibitory effect in loam soil and hysteretic depression in black soil were strongly different from the results in the present study [11] [12] . That is, the responses of protease activity to fungicide depend on soil type. The organic matter (9.62 g kg -1 ) was lower than in the previous studies (13.91 g kg -1 in loam soil and 26.54 g kg -1 in black soil, respectively), which resulted in lower protease activity [11] [12] . The finding was in agreement with that of Mäder et al. [47] , that is, a higher capacity to cleave protein was in soils of the organic systems.
Bi-Factorial ANOVA Results of Microbial Populations and Soil Biochemical Properties
Effects of incubation time (7, 14, 21 , and 28 days), concentration (0.1, 1.0, and 10 mg·kg -1 ), and their interaction on soil microbial populations and biochemical properties are shown in Tables 2-3 . Time, dosage, and their interaction all had a significant effect on the populations of bacteria and actinomycetes, respiration intensity, dehydrogenase activity, urease activity, and catalase activity. However, neither the above 2 factors respectively nor their interaction affected fungi population and protease activity. Additionally, the post-hoc test results revealed that the changes in the exposure concentration could significantly influence dehydrogenase, urease, and catalase activities. Also, the changes of incubation time dramatically impacted soil respiration, dehydrogenase, and catalase activities (Table 3) . That is, dehydrogenase, urease and catalase activities were obviously different in each treatment group. However, no distinct discrepancy could be observed in the fungi population and protease activity at each incubation time point and each exposure dosage in azoxystrobin-treated soils. Slightly from the results, doses and the interaction of doses and time did not significantly affect the responses of soil respiration to glyphosate, suggesting the main roles of the pollutant [20, 48] .
Correlation Among Soil Cultivable Microbial
Numbers, Soil Respiration, and Soil Enzymatic Activities
As were expected (Table 4) , the bacteria population was significantly correlated positively with the actinomycetes population, soil respiration, and dehydrogenase activity. At the same time, dramatically negative correlations between soil respiration and urease activity, dehydrogenase activity and catalase activity, and urease activity and catalase activity were also observed. Only the fungi population and protease activity were not associated with any other parameters of the soil. Correlation among soil cultivable microbial numbers, soil respiration, and soil enzymatic activities were reflected by the differences of impacts of azoxystrobin on soil cultivable microbial numbers, soil respiration, and soil enzymatic activities. Soil respiration and dehydrogenase activity were indicators of the whole microbial activities, so they were positively correlated with the bacteria and actinomycete population. The other three enzymes represented different activities respectively, so they did not correlate with each other positively.
Conclusions
Our results indicate that azoxystrobin inhibited soil respiration, the populations of bacteria and actinomycetes, and dehydrogenase activity. However, azoxystrobin did not exert an obvious effect on fungi population and protease activity. Urease activity was reduced significantly with azoxystrobin treatments transiently, and the inhibitory effect faded away and returned to the control level in the end. Among the soil properties studied, dehydrogenase activity is the most sensitive to azoxystrobin in Cambisol. The results help us better understand the effects of azoxystrobin The correlation was at 95% confidence interval (alpha = 0.05) ** means correlation is significant at the 0.01 level (2-tailed) * means correlation is significant at the 0.05 level (2-tailed) Table 4 . Correlation analysis among soil cultivable microbial numbers, soil respiration, and soil enzymatic activities in red soil.
on soil biochemical properties in soil with low pH and organic matter content. The diverse effects of azoxystrobin on soil quality suggest that azoxystrobin should be used following the manufacturer's recommended doses.
